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In its attempt to survive, the fungal cell can change the cell wall composition and/or
structure in response to environmental stress. The molecules involved in these compensa-
tory mechanisms are a possible target for the development of effective antifungal agents.
In the thermodimorphic fungus Paracoccidioides brasiliensis Pb01, the main polymers that
compose the cell wall are chitin and glucans. These polymers form a primary barrier
that is responsible for the structural integrity and formation of the cell wall. In this study
the behaviour of P. brasiliensis was evaluated under incubation with cell wall stressor
agents such as Calcofluor White (CFW), Congo Red (CR), Sodium Dodecyl Sulphate (SDS),
NaCl, KCl, and Sorbitol. Use of concentrations at which the fungus is visually sensitive to
those agents helped to explain some of the adaptive mechanisms used by P. brasiliensis
in response to cell wall stress. Our results show that 1,3-b-D-glucan synthase (PbFKS1), glu-
cosamine-6-phosphate synthase (PbGFA1) and b-1,3-glucanosyltransferase (PbGEL3)as well
as 1,3-b-D-glucan and N-acetylglucosamine (GlcNAc) residues in the cell wall are involved
in compensatory mechanisms against cell wall damage.
ª 2010 The British Mycological Society. Published by Elsevier Ltd.Introduction 36 C (Restrepo 1985; San-Blas 1993), has more chitin polymerExternal challenges that cause cellwall stress lead to the activa-
tion of several compensatorymechanisms necessary to restore
Cell Wall Integrity (CWI). The cell wall of fungi is a dynamic
structure whose organization and composition are regulated
during the cell cycle and in response to changes in the environ-
mentandstress conditions (Klis et al.2002).Thecellwall compo-
sitionof the thermodimorphic fungusParacoccidioidesbrasiliensis
varies biochemicallydepending on its lifephase. The cellwall of
the yeast phase, found in infected tissue and in vitro culture at1110.
ciety. Published by Elsevand less 1,3-b-D-glucan polymer than are found in the sapro-
phytic mycelium phase. The 1,3-a-glucan polymer was found
only in the yeast phase. Moreover there is a smaller amount of
total proteins with disulfide bonds in the mycelium phase
(Carbonell et al. 1970; Kanetsuna et al. 1972).
Both proper synthesis and cross-linking of cell wall compo-
nentsareessential informingasturdycellwallwhichmaintains
its integrity in response to both internal signals and external
conditions (Klis etal.2006; Lesage&Bussey2006). InP.brasiliensis
strategies for genetic analysis have been recently optimizedier Ltd. Open access under the Elsevier OA license.
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in the P. brasiliensis transcriptome-expressed sequence tag
database for components of signalling pathways previously
known to be involved inCWI in other species of fungi, including
Cryptococcus neoformans, Candida albicans, Aspergillus nidulans,
and particularly Saccharomyces cerevisiae (Fernandes et al. 2005).
This in silico study makes it possible to evaluate the presence
of cellular signalling pathway elements in P. brasiliensis and to
compare them with the cascade components in these fungi
since the response to environmental damage in these species
has been explained in detail (Kojima et al. 2006; Fujioka et al.
2007; Bermejo et al. 2008; Plaine et al. 2008).
Cell wall disruptive and osmotic destabilizing agents lead
to cell wall rearrangements that enable fungal cells to survive.
It has been suggested that these changes are part of a set of
compensatory reactions to ensure CWI. Calcofluor White
(CFW) and Congo Red (CR) are two related anionic dyes which
act by binding to nascent chitin chains, thereby inhibiting the
assembly enzymes that connect chitin to glucans (Ram & Klis
2006). CR reactswith 1,3-b-D-glucan and stains through chem-
ical linkage and physical absorption (Slifkin & Cumbie 1988).
Sodium Dodecyl Sulphate (SDS) is a detergent and protein
destabilizer. These agents can destabilize cell walls (de
Nobel et al. 2000; Damveld et al. 2005b). KCl and NaCl are ionic
compounds or salts that also increase osmotic pressure, caus-
ing osmotic stress. Sorbitol is a sugar alcohol that also in-
creases osmotic pressure and can be used as an osmotic
stabilizer in stress conditions (Madrid et al. 2007; Thome
2007). Fungi growing under cell wall stress conditions engen-
der cell wall remodelling, which causes changes in the cell
wall content. This behaviour is due to compensatory mecha-
nisms for fungus survival when there is damage to the cell
wall (Levin 2005; Lesage & Bussey 2006).
Ingeneral, under treatmentwithsuchcompounds, there isan
upregulationofgenesrelatedtocellwallcompositionsuchasglu-
can synthases (deNobel et al. 2000;Damveld et al. 2005b;) and chi-
tin synthases (Damveld et al. 2005a) aswell as genes belonging to
the CWI pathway and mitogen-activated protein kinases
(MAPKs) Slt2/Mpk1 and Hog1, among other genes (Navarro-
Garcia et al. 2005; Madrid et al. 2007; Bermejo et al. 2008). Also, an
increase in the content of cell wall polymers such as glucans
and chitin as a compensatory mechanism was observed under
these treatments (Ram et al. 2004; Kuranda et al. 2006).
In the P. brasiliensis genome, several cell wall synthesis-
relatedgeneswere identified.AmongthemarePbFKS1,apresum-
able 1,3-b-D-glucan synthase coding gene (Pereira et al. 2000),
PbGFA1, a homologue to glucosamine-6-phosphate synthase,
an enzyme that catalyzes the first step of the biosynthetic path-
way of chitin, and PbGEL3, a presumable b-1,3-glucanosyltrans-
ferase that was able to partially complement the mutant
phenotype of gas1Δ in S. cerevisiae (Castro et al. 2009).
In this study, the behaviour of P. brasiliensis yeast cells under
cell wall stress and hyperosmosis was evaluated. The
P. brasiliensis cells demonstrated reduced growth under these
conditions. Furthermore, tounderstand this fungus’ compensa-
tory mechanisms, the transcript levels of PbFKS1, PbGFA1 and
PbGEL3, genes presumably essential to cell wall synthesis, the
content of 1,3-b-D-glucan and N-acetylglucosamine (GlcNAc)
residues, and chitinmonomers,were evaluated after treatment
with the CFW, CR, SDS, KCl, NaCl, and Sorbitol stressor agents.Methods
Paracoccidioides brasiliensis isolate
Paracoccidioides brasiliensis Pb01 isolate (ATCC MYA-826) has
been studied in our laboratory (da Silva Neto et al. 2009;
Zambuzzi-Carvalho et al. 2009). According to phylogenetic
studies, P. brasiliensis Pb01 isolate belongs to the group called
Pb01-like (Teixeira et al. 2009). It was cultivated in semisolid
Fava-Netto’s medium (1.0 % w/v peptone, 0.5 % w/v yeast ex-
tract 0.3 % w/v proteose peptone, 0.5 % w/v beef extract,
0.5 % w/v NaCl, 4 % w/v glucose, and 1.4 % w/v agar, pH 7.2)
at 36 C for growth of the yeast phase.
Analysis of cell wall stress sensitivity
According to Ram&Klis (2006) the preferredway to determine
the susceptibility of stressor agents is to inoculate a series of
yeast concentrations in the form of spots on plates containing
the stressor. For the stress sensitivity analysis, 7-d old Pb01
yeast cells were grown in liquid Fava-Netto’s medium over-
night at 37 C. Samples containing 106, 105, and 104 cells
were spotted onto plates with Fava-Netto’s medium supple-
mented with different stressor agents at different concentra-
tions as follows: CFW (27 mM and 109 mM) CR (35 mM and
143 mM), SDS (0.002 % and 0.004 %), KCl (0.1 M and 0.2 M),
NaCl (1 M and 2 M) and Sorbitol (1 M and 2 M). Control plates
did not contain any stressors. The plates were incubated for
7 d at 37 C before being photographed.
For transcriptional analysis after growth for 16 h, 106 cells
were incubated with different stressor agents at the sub-in-
hibitory concentration, which interferes with fungal growth,
but does not inhibit it completely, or with the same amount
of water as a control for 1 h before RNA extraction.
Quantitative real-time PCR (qRT-PCR)
Total RNA of Pb01 yeast cells treated and untreated with CFW,
CR, SDS, KCl, NaCl, and Sorbitol (Sigma, St. Louis, MO, USA)
stressor agents was extracted using Trizol (Invitrogen, CA,
USA) according to themanufacturer’s instructions. Thequality
of RNAwas assessed using the A260 nm/A280 nm ratio, and by
visualization of rRNA using 1.2 % (w/v) agarose gel electropho-
resis. This protocol has beenused in our lab, and is sufficient to
disrupt the cell wall and release RNAs (Castro et al. 2009;
Zambuzzi-Carvalho et al. 2009). The RNAs were used to con-
struct single-stranded cDNAs using a reverse transcription
system (Promega, WI, USA) following the recommendations
of the manufacturer. The RNAs were previously treated with
DNAse to eliminate genomic DNA and the same reactions
were performed in the presence or absence of reverse tran-
scriptase as a control for genomic contamination. qRT-PCR re-
actions were conducted in an IQ5 real-time PCR detection
system. The PCR thermal cycling conditions were as follows:
an initial step at 50 C for 2 min, followed by 5 min at 95 C,
and 40 cycles at 95 C for 15 s, 60 C for 10 s, and 72 C for 15 s.
Platinum SYBR Green qPCR Supermix (Invitrogen) was used
as the reaction mixture, with addition of 10 pmol of each
primer and 1 mL of template cDNA for a final volume of 25 mL.
64 P. K. Tomazett et al.Each cDNAsamplewas analyzed in triplicatewith each primer
pair. Amelting curve analysis was performed at the end of the
reaction to confirm a single PCR product. The data were nor-
malized with ribosomal protein L34 in each set of qRT-PCR ex-
periments (Castro et al.2009). The relativeexpressiondatawere
obtainedusing the 2eDDCTmethod (Livak&Schmittgen 2001). A
nontemplate control with no genetic material was included to
eliminate the possibility of contamination or nonspecific reac-
tions. The qRT-PCR primers for each gene were the following:
FKS1, 50 e TCTGCGGATTTCATTTTGGG e 30 and 50 e GTA
GATTGGTGGGCGGATTTG e 30; GFA1, 50 e AAGTCACTCAACG
CATATCAGC e 30 and 50 e TGTAGGGGGATAACATTCAGC e 30;
GEL3, 50 e CGTTGTCAGCGGAGGTATCGTC e 30 and 50 e AGGG
CAGGTTCGGAGTTCAGTG e 30; L34, 50 e CGGCAACCTCAGA
TACCTTC e 30 and 50 e GGAGACCTGGGAGTATTCACG e 30.
Cell wall analysis
To measure the amount of total carbohydrates and for confo-
cal analysis, Pb01 yeast cells were grown in liquid Fava-Netto’s
medium at 37 C for 72 h with or without stressor agents.
Yeast cells were collected and washed successively with ace-
tone, ethyl alcohol and ether. The defatted cells were sus-
pended in 50 mM TriseHCl 50 mM, pH 7.5 and disrupted
with glass beads. Cell wall was separated from the cytosolic
fraction by centrifugation at 3,500g and washed with water
(Kanetsuna & Carbonell 1970). The cell wall was then boiled
three times with TriseHCl 50 mM, pH 7.5, containing 50 mM
EDTA (Ethylenediamine tetraacetic acid), 2 % SDS and 10 mM
DTT (Dithiothreitol), and washed extensively with water.
The alkali-soluble (AS) fraction was extracted with 1 N NaOH
and 500 mM sodium borohydride and neutralized with acetic
acid (Beauvais et al. 2005). Total carbohydrates were deter-
mined by the phenol sulphuric acid procedure with glucose
as standard (Masuko et al. 2005). The amount of 1,3-b-D-glucan
in the alkali-insoluble (AI) and AS fractions digested by 1,3-b-
glucanasewas estimated bymeasuring the release of reducing
sugars after digestion by the p-amino-hydroxybenzoic acid
hydrazide method, as previously described (Beauvais et al.
2005). For digestion, the AI fraction was incubated with
recombinant 1,3-b-glucanase (Qbiogene, Morgan Irvine, CA,
USA) (1500 Umg1 dry weight of cell walls) at 25 C overnight.
To measure the amount of N-acetylglucosamine, approxi-
mately 2 mg (dry wt) of Pb01 yeast enriched cell wall fraction
was subsequently hydrolyzed in 6 M HCl at 100 C for 4 h and
then neutralized with NaOH. To each 1 mL of the sample,
0.1 mL of solution A (1.5 N Na2CO3 in 4 % (w/v) acetylacetone)
was added and the mixture was incubated at 100 C for
20 min. After cooling to room temperature, 0.7 mL of 96 %
(v/v) ethanol and 0.1 mL of solution B (1.6 g p-dimethylamino-
benzaldehyde in 30 mLconcentrateHCl and 30 mLof 96 % (v/v)
ethanol) was added and incubated for 1 h at room tempera-
ture. Absorbance at 520 nm was measured and compared to
absorbance values from a standard curve of 0e100 mg glucos-
amine taken through the same reactions (Popolo et al. 1997).
Confocal analysis
For confocalmicroscopic analysis, Pb01 yeast cells were grown
in liquid Fava-Netto’smediumat 37 C for 72 hwith orwithoutstressor agents. Briefly, the cells growing in different stress
conditions were fixed in 4 % paraformaldehyde for 1 h,
washed and centrifuged. The cells were collected, stained
with 100 mgmL1 CR in PBS for 30 min and washed with PBS.
After mounting in 90 % glycerol in PBS which was adjusted
to pH 8.5 and contained an antifading agent ( p-phenylenedi-
amine 1 g L1) (SigmaeAldrich), the specimens were analyzed
under a Zeiss LSM 510 META confocal laser scanning micro-
scope. CR was demonstrated to have an affinity for the cellu-
lose-associated sites of various plants and was used as
a fluorochrome applied for rapid detection of fungi (Slifkin &
Cumbie 1988). CR has a FW of 696.67 and its lmax (absorbance)
is 497 nm in water (Green 1991).
Results
Sensitivity to stressors agents
To evaluate theactionof stressor agents on Paracoccidioides bra-
siliensis (Pb01), the concentration which does not completely
inhibit fungal growth was identified according to Fig 1. For
each stressor agent, the sub-inhibitory concentrations were
determined as follows: 27 mM for CFW; 35 mM for CR 0.002 %
for SDS; 0.1 M for KCl; 1 M for NaCl and 1 M for Sorbitol.
Transcript analysis by qRT-PCR under stress conditions
The expression of genes involved in the synthesis and assem-
bly of the cell wall during stress conditions was evaluated.
Pb01 yeast cells were subjected to the sub-inhibitory concen-
tration of each stressor for 1 h at 37 C. Before RNA isolation,
viability was analyzed by visualizing the cells with Trypan
blue. As shown in Fig 2A and Table 1, the relative expression
level of PbFKS1 increased after all the treatments; the greatest
increasewas caused by SDS. PbGFA1was up-regulated only af-
ter treatment with SDS and KCl; it was down-regulated by the
other stressors. The other treatments led to its down-regula-
tion (Fig 2B). PbGEL3 was up-regulated after treatment with
CFW, NaCl and Sorbitol (Fig 2C).
Carbohydrate content of the cell wall
The cell wall is divided into AS andAI fractions according to its
solubility in alkali. In the Pb01 yeast phase, the glucan polymer
consistedmainly of 1,3-a-glucan (95 %), present in the AS frac-
tion, and a small amount of the 1,3-b-D-glucan (5 %) present in
the AI fraction (Kanetsuna et al. 1972). Fig 3A shows a shift in
total carbohydrate content in the AS and AI fractions under
stress conditions. The CFW, SDS, NaCl, and Sorbitol treat-
ments resulted in an increase in total carbohydrate content
in the cell wall. After treatment with CR, there was a decrease
in AI fraction carbohydrate content. The KCl treatment caused
a decrease in AS fraction carbohydrate content (Table 1).
Thesemoleculeswere evaluated todeterminepossible alter-
ations in cell wall 1,3-b-D-glucan and N-acetylglucosamine
(GlcNAc) residuecontent.1,3-b-D-glucancontentwasestimated
after digestion of the AI cell wall fraction with the 1,3-b-gluca-
nase enzyme. As shown in Fig 3B, there was an increase in
1,3-b-D-glucan content in the cell wall AI fraction after
Fig 1 e Stress sensitivity analysis of P. brasiliensis yeast
cells. P. brasiliensis yeast cells were grown in Fava-Netto’s
medium for 16 h. Samples containing 106, 105 and 104 cells
were spotted onto Fava-Netto plates supplemented with
Calcofluor White (CFW), Congo Red (CR), Sodium Dodecyl
Sulphate (SDS), KCl, NaCl and Sorbitol in the concentrations
indicated. The plates were incubated for 7 d at 37 C before
photo-documentation.
Fig 2 e Evaluation of the expression level of PbFKS1, PbGFA1
and PbGEL3 transcripts under stress conditions. P. brasi-
liensis yeast cells were incubated with the stressor agents
Calcofluor White (CFW), Congo Red (CR), Sodium Dodecyl
Sulphate (SDS), KCl, NaCl and Sorbitol at the sub-inhibitory
concentration for 1 h with water as the control. Total RNA
was isolated for each condition and qRT-PCR was per-
formed. The 2eDDCT method was used to calculate the rela-
tive amount of specific RNA contained in each sample. The
L34 gene was used to normalize each reaction. Bars indicate
SD of three independent experiments. (A) Relative expres-
sion of PbFKS1. (B) Relative expression of PbGFA1. (C) Rela-
tive expression of PbGEL3. *Significantly increased
expression ( p £ 0.05).
Response of Paracoccidioides brasiliensis Pb01 to stressor agents 65treatment with all stressor agents. NaCl and Sorbitol were the
agents that caused the greatest increase of this polymer in cell
wall AI fraction. After treatment with SDS and KCl there was
an increase in GlcNAc residue content in the Pb01 cell wall (Fig
3C) suggesting an increase in chitin. Table 1 provides a sche-
matic comparison between transcript level and Paracoccidioides
brasiliensis yeasts carbohydrate content induced by stressors.
Cell analysis by confocal microscopy
To analyze yeast cell morphology after stress, the cells were
grown in liquid medium for 72 h with the stressor agentsand visualized by confocal microscopy. Stained yeast cell
walls in the stressed cells showed a clear and sometimes ir-
regular thickening in the cell wall. In cells treated with CFW,
CR, SDS, and KCl the thickening was observed mainly in
mother cells (Fig 4).
Discussion
This study showed that all the wall stressor agents CFW, CR,
SDS, KCl, NaCl, and Sorbitol induced an upregulation of
Fig 3 e Carbohydrate content in the cell wall of P. brasiliensis yea
untreated (control) and treated with Calcofluor White (CFW), Co
Sorbitol stressor agents, was isolated. The Alkali-Soluble (AS) a
amount of carbohydrates was measured in the AS and AI fractio
in the AI fraction. (C) Amount of N-acetylglucosamine (GlcNAc) r
normalized relative to the control. Bars indicate SD of three ind
( p £ 0.05).
Table 1 e Comparison between transcripts level of P.
brasiliensis 1,2-b-D-glucan synthase gene (PbFKS1), P.
brasiliensis glucosamine-6-phosphate synthase gene
(PbGFA1), P. brasiliensis 1,3-b-glucanosyltransferase 3;
total carbohydrate content in alkali-soluble (AS) and
alkali-insoluble (AI) fractions and 1,3-b-D-glucan and
N-acetylglucosamine contents after treatment with
stressor agents.
Stressor
agents
PbFKS1 PbGFA1 PbGEL3 AS/AI b-gluc GlcNAc
CFW [ Y [ [/Y [ Y
CR [ Y Y e/[ [ e
SDS [[ [ e [/[ [ [[
KCl [ [ e [/e [ [
NaCl [ e [[ [/[ [[ e
Sorbitol [ Y [[[ [/[ [[ Y
([) upregulation; (Y) down-regulation; (e) no effect; (CFW) Calco-
fluor White; (CR) Congo Red; (SDS) Sodium Dodecyl Sulphate;
(1,3-b-D-glucan) b-gluc; (N-acetylglucosamine) GlcNAc.
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glucan residues in Paracoccidioides brasiliensis (Pb01). The
PbGFA1 and PbGEL3 transcripts were up or down-regulated
according with the stressor agent. Morphologically, the
stressors caused a thickening in the yeast wall which was
detected by confocal microscopy.
The main constituents of the P. brasiliensis yeast phase cell
wall are chitin, a-glucan and b-glucan polymers. The polysac-
charide a-glucan is supposedly located in a more external re-
gion of the cell wall and is related to virulence (San-Blas 1982;
Silva et al. 1994; Rappleye & Goldman 2006). 1,3-b-D-glucan
and chitin are linked to the cell wall structural function. In ad-
dition, 1,3-b-D-glucan is an immunogenic molecule (reviewed
by Silva et al. 1994; Brown 2006). Total carbohydrate content of
cell wall AI fraction, which contains 1,3-b-D-glucan
(Kanetsuna et al. 1972), increased after treatment with all the
stressoragentsbutCR.Theestimatedamountof1,3-b-D-glucan
polymer increased, as shown by digestion of the cell wall AI
fractionwith 1,3-b-glucanase, after all treatmentswith stressor
agents including CR. After treatmentwith CFW, SDS, NaCl, and
Sorbitol, therewasan increase inAS fractioncarbohydratecon-
tent, indicatingaprobable increase in1,3-a-glucancontent.Thest cells under stress conditions. The cell wall of P. brasiliensis
ngo Red (CR), Sodium Dodecyl Sulphate (SDS), KCl, NaCl and
nd Alkali-Insoluble (AI) fractions were separated. (A) Total
ns. (B) Amount of the 1,3-b-D-glucan polymer was estimated
esidue was measured in total cell wall fraction. All data were
ependent experiments. *Significantly increased amount
Fig 4 e Analysis of the P. brasiliensis yeast cells by confocal
microscopy. After incubation in medium with stressors,
fungi cells showed cell wall thickening mainly in the
mother cells. The thickening was sometimes asymmetric
and not diffuse.
Response of Paracoccidioides brasiliensis Pb01 to stressor agents 67decrease in AI and AS fraction carbohydrate content in CR and
KCl treatments, respectively, could be due to a decrease in the
synthesis of other cell wall components such as galactose and
mannose, which were not analyzed in this study.Similar experiments with Saccharomyces cerevisiae showed
that after treatment with CFW there was an increase in b-glu-
can and chitin polymer content (Kuranda et al. 2006) and an
upregulation of FKS2 gene (de Nobel et al. 2000). In addition ac-
tivation of Rho1, the regulatory subunit of 1,3-b-D-glucan syn-
thase, caused CWI defects and hadmany downstream targets
including protein kinase C and the S. cerevisiae subunits Fks1p
and Fks2p (Popolo et al. 2001). Together with the biochemical
analysis, these data strongly suggest that PbFks1p protein is
involved in mechanisms compensating for cell wall damage.
An increase in chitin synthesis has been shown to be an
important compensatory response to cell wall stress. The ad-
dition of cell wall disturbing compounds to S. cerevisiae, Asper-
gillus niger and Candida albicans resulted in increased chitin
levels in cell wall mutants (Lagorce et al. 2002; Ram et al.
2004; Munro et al. 2007). In A. niger the treatment with CFW
and SDS caused upregulation of gfaA, which encodes a proba-
ble rate-limiting enzyme in chitin biosynthesis transcripts
and consequently stimulates chitin biosynthesis (Ram et al.
2004). In P. brasiliensis, after treatment with SDS and KCl there
was an upregulation of PbGFA1 and an increase in N-acetyl-
glucosamine (GlcNAc) residues GlcNAc residues, which are
chitin polymer monomers. After treatment of P. brasiliensis
with CFW and Sorbitol there was a down-regulation of PbGFA1
and a decrease in GlcNAc residues. However, despite the
down-regulation of PbGFA1 there was no significant alteration
in GlcNAc residue content in the CR treatment. Some stressors
cause transient damage to the cell wall (Garcia et al. 2004) and
the time necessary for the occurrence of compensatorymech-
anisms such as upregulation of genes responsible for cell wall
synthesis or an increase in cell wall polymer can vary accord-
ing to the stressor agent. Theses results suggest that PbGFA1
could be activated under stress conditions but in a time-de-
pendent manner.
The gel proteins (glucan-elongated protein) have 1,3-b-glu-
canosyltransferase activity and act in the cross-linking of cell
wall components in fungi (reviewed by Mouyna et al. 2000;
Latge 2007). PbGel3p is functional in S. cerevisiae and sup-
presses both themorphological defects and the compensatory
responses induced by the lack of its homologous Gas1p (Castro
et al. 2009). Thus, it has been suggested that PbGel3p is also in-
volved in P. brasiliensis cell wall assembly (Castro et al. 2009). In
the presence of the cell wall stress caused by CFW, NaCl and
Sorbitol, there was an upregulation of PbGEL3. This increase
was accompanied by an increase in the 1,3-b-D-glucan poly-
mer and probably contributed to the restoration of CWI.
Under stress conditions the cell wall becomes weakened
and activates compensatory mechanisms. Here it was noted
that among the compensatory mechanisms of P. brasiliensis
there was an increase in the synthesis of cell wall compo-
nents, such a 1,3-b-D-glucan and chitin. This effect was man-
ifested morphologically by a thickening of the cell wall
observed by confocal analysis in P. brasiliensis yeast phase af-
ter treatment with stressor agents.
The results obtained in this study help to explain some of
the adaptive mechanisms used by P. brasiliensis against
damage causedby agents that attackCWIdirectly and increase
medium osmolarity. When treated with zymolyase, a 1,3-b-
glucanase, sequential activation of two MAPKs pathways was
observed in S. cerevisiae: HOG, responsible for adaptation
68 P. K. Tomazett et al.during osmotic stress and SLT2, responsible for adaptation
against cell wall-damaging agents (Bermejo et al. 2008). Al-
though this damage occurs through different pathways, it in-
duces compensatory mechanisms for organism survival,
indicating that differential regulation of cell wall stress re-
sponsesseemstobeaconsequence,at least inpart, ofhowcells
are able to sense different types of stress (Arroyo et al. 2009).
Here it was observed that PbFKS1, PbGFA1 and PbGEL3 as
well as 1,3-b-D-glucan and GlcNAc residues are involved in
the compensatory mechanisms of P. brasiliensis against cell
wall damage. However, further investigation will be required
to better explain the role of these molecules in the mainte-
nance of P. brasiliensis CWI. This model offers the advantage
of challenging the adaptive capability of P. brasiliensis with
varied stress conditions.
Acknowledgments
This study at Universidade Federal de Goias was supported by
ConselhoNacional de Desenvolvimento Cientıfico e Tecnologico
(CNPq), Financiadora de Estudos e Projetos (FINEP) and by the
International Foundation for Sciences (IFS), Stockholm, Sweden,
throughagrant toM.P. P.K.T.was supportedbya fellowship from
CNPq.r e f e r e n c e s
Almeida AJ, Cunha C, Carmona JA, Sampaio-Marques B,
Carvalho A, Malavazi I, Steensma HY, Johnson DI, Le~ao C,
Logarinho E, Goldman GH, Castro AG, Ludovico P, Rodrigues F,
2009. Cdc42p controls yeast-cell shape and virulence of Para-
coccidioides brasiliensis. Fungal Genet Biol. 46 (12): 919e926.
Arroyo J, Bermejo C, Garcia R, Rodriguez-Pena JM, 2009. Genomics
in the detection of damage in microbial systems: cell wall
stress in yeast. Clin Microbiol Infect 15 (Suppl. 1): 44e46.
Beauvais A, Maubon D, Park S, Morelle W, Tanguy M, Huerre M,
Perlin DS, Latge JP, 2005. Two alpha(1-3) glucan synthases with
different functions in Aspergillus fumigatus. Appl Environ
Microbiol 71 (3): 1531e1538.
Bermejo C, Rodriguez E, Garcia R, Rodriguez-Pena JM, Rodriguez
de la Concepcion ML, Rivas C, Arias P, Nombela C, Posas F,
Arroyo J, 2008. The sequential activation of the yeast HOG and
SLT2 pathways is required for cell survival to cell wall stress.
Mol Biol Cell 19 (3): 1113e1124.
Brown GD, 2006. Dectin-1: a signalling non-TLR pattern-recogni-
tion receptor. Nat Rev Immunol 6 (1): 33e43.
Carbonell LM, Kanetsuna F, Gil F, 1970. Chemical morphology of
glucan and chitin in the cell wall of the yeast phase of Para-
coccidioides brasiliensis. J Bacteriol 101 (101): 636e642.
Castro NS, de Castro KP, Orlandi I, Feitosa LS, Rosa e Silva LK,
Vainstein MH, Bao SN, Vai M, Soares CMA, 2009. Character-
ization and functional analysis of the beta-1,3-glucanosyl-
transferase 3 of the human pathogenic fungus Paracoccidioides
brasiliensis. FEMS Yeast Res 9 (1): 103e114.
Damveld RA, Arentshorst M, Franken A, vanKuyk PA, Klis FM, van
den Hondel CA, Ram AF, 2005a. The Aspergillus niger MADS-
box transcription factor RlmA is required for cell wall rein-
forcement in response to cell wall stress. Mol Microbiol 58 (1):
305e319.
Damveld RA, vanKuyk PA, Arentshorst M, Klis FM, van den
Hondel CA, Ram AF, 2005b. Expression of agsA, one of five 1,3-alpha-D-glucan synthase-encoding genes in Aspergillus niger,
is induced in response to cell wall stress. Fungal Genet Biol 42
(2): 165e177.
Fernandes L, Araujo MA, Amaral A, Reis VC, Martins NF,
Felipe MS, 2005. Cell signaling pathways in Paracoccidioides
brasiliensis-inferred from comparisons with other fungi. Genet
Mol Res 4 (2): 216e231.
Fujioka T, Mizutani O, Furukawa K, Sato N, Yoshimi A,
Yamagata Y, Nakajima T, Abe K, 2007. MpkA-Dependent and
-independent cell wall integrity signaling in Aspergillus nidu-
lans. Eukaryot Cell 6 (8): 1497e1510.
Garcia R, Bermejo C, Grau C, Perez R, Rodriguez-Pena JM,
Francois J, Nombela C, Arroyo J, 2004. The global transcrip-
tional response to transient cell wall damage in Saccharomyces
cerevisiae and its regulation by the cell integrity signaling
pathway. J Biol Chem 279 (15): 15183e15195.
Green FG, 1991. The SigmaeAldrich Handbook of Stains, Dyes and
Indicators. Aldrich Chemical Company, Milwakee, Wisconsin,
776 pp.
Kanetsuna F, Carbonell LM, 1970. Cell wall glucans of the yeast
and mycelial forms of Paracoccidioides brasiliensis. J Bacteriol
101 (3): 675e680.
Kanetsuna F, Carbonell LM, Azuma I, Yamamura Y, 1972.
Biochemical studies on the thermal dimorphism of Para-
coccidioides brasiliensis. J Bacteriol 110 (1): 208e218.
Klis FM, Boorsma A, de Groot PW, 2006. Cell wall construction in
Saccharomyces cerevisiae. Yeast 23 (3): 185e202.
Klis FM, Mol P, Hellingwerf K, Brul S, 2002. Dynamics of cell wall
structure in Saccharomyces cerevisiae. FEMS Microbiol Rev 26 (3):
239e256.
Kojima K, Bahn YS, Heitman J, 2006. Calcineurin, Mpk1 and Hog1
MAPK pathways independently control fludioxonil antifungal
sensitivity in Cryptococcus neoformans. Microbiology 152 (Pt 3):
591e604.
Kuranda K, Leberre V, Sokol S, Palamarczyk G, Francois J, 2006.
Investigating the caffeine effects in the yeast Saccharomyces
cerevisiae brings new insights into the connection between
TOR, PKC and Ras/cAMP signalling pathways. Mol Microbiol
61 (5): 1147e1166.
Lagorce A, Le Berre-Anton V, Aguilar-Uscanga B, Martin-Yken H,
Dagkessamanskaia A, Francois J, 2002. Involvement of GFA1,
which encodes glutamine-fructose-6-phosphate amidotrans-
ferase, in the activation of the chitin synthesis pathway in
response to cell-wall defects in Saccharomyces cerevisiae. Eur J
Biochem 269 (6): 1697e1707.
Latge JP, 2007. The cell wall: a carbohydrate armour for the fungal
cell. Mol Microbiol 66 (2): 279e290.
Lesage G, Bussey H, 2006. Cell wall assembly in Saccharomyces
cerevisiae. Microbiol Mol Biol Rev 70 (2): 317e343.
Levin DE, 2005. Cell wall integrity signaling in Saccharomyces cer-
evisiae. Microbiol Mol Biol Rev 69 (2): 262e291.
Livak KJ, Schmittgen TD, 2001. Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta
Delta C(T)) method. Methods 25 (4): 402e408.
MadridM,NunezA,SotoT,Vicente-Soler J,GactoM,Cansado J, 2007.
Stress-activated protein kinase-mediated down-regulation of
the cell integrity pathwaymitogen-activated protein kinase
Pmk1p by protein phosphatases.Mol Biol Cell 18 (11): 4405e4419.
Masuko T, Minami A, Iwasaki N, Majima T, Nishimura S, Lee YC,
2005. Carbohydrate analysis by a phenol-sulfuric acid method
in microplate format. Anal Biochem 339 (1): 69e72.
Mouyna I, Fontaine T, Vai M, Monod M, Fonzi WA, Diaquin M,
Popolo L, Hartland RP, Latge JP, 2000. Glycosylphosphatidyli-
nositol-anchored glucanosyltransferases play an active role in
the biosynthesis of the fungal cell wall. J Biol Chem 275 (20):
14882e14889.
Munro CA, Selvaggini S, de Bruijn I, Walker L, Lenardon MD,
Gerssen B, Milne S, Brown AJ, Gow NA, 2007. The PKC, HOG
Response of Paracoccidioides brasiliensis Pb01 to stressor agents 69and Ca2þ signalling pathways co-ordinately regulate chitin
synthesis in Candida albicans. Mol Microbiol 63 (5): 1399e1413.
Navarro-Garcia F, Eisman B, Fiuza SM, Nombela C, Pla J, 2005. The
MAP kinase Mkc1p is activated under different stress
conditions in Candida albicans. Microbiology 151 (Pt 8):
2737e2749.
de Nobel H, Ruiz C, Martin H, Morris W, Brul S, Molina M, Klis FM,
2000. Cell wall perturbation in yeast results in dual phos-
phorylation of the Slt2/Mpk1 MAP kinase and in an Slt2-me-
diated increase in FKS2-lacZ expression, glucanase resistance
and thermotolerance. Microbiology 146 (Pt 9): 2121e2132.
Pereira M, Felipe MS, Brigido MM, Soares CMA, Azevedo MO, 2000.
Molecular cloning and characterization of a glucan synthase
gene from the human pathogenic fungus Paracoccidioides bra-
siliensis. Yeast 16 (5): 451e462.
Plaine A, Walker L, da Costa G, Mora-Montes HM, McKinnon A,
Gow NA, Gaillardin C, Munro CA, Richard ML, 2008. Functional
analysis of Candida albicans GPI-anchored proteins: roles in cell
wall integrity and caspofungin sensitivity. Fungal Genet Biol 45
(10): 1404e1414.
Popolo L, Gilardelli D, Bonfante P, Vai M, 1997. Increase in chitin
as an essential response to defects in assembly of cell wall
polymers in the ggp1delta mutant of Saccharomyces cerevisiae.
J Bacteriol 179 (2): 463e469.
Popolo L, Gualtieri T, Ragni E, 2001. The yeast cell-wall salvage
pathway. Med Mycol 39 (Suppl. 1): 111e121.
Ram AF, Arentshorst M, Damveld RA, vanKuyk PA, Klis FM, van
den Hondel CA, 2004. The cell wall stress response in Asper-
gillus niger involves increased expression of the glutamine:
fructose-6-phosphate amidotransferase-encoding gene (gfaA)
and increased deposition of chitin in the cell wall. Microbiology
150 (Pt 10): 3315e3326.Ram AF, Klis FM, 2006. Identification of fungal cell wall mutants
using susceptibility assays based on Calcofluor white and
Congo red. Nat Protoc 1 (5): 2253e2256.
Rappleye CA, Goldman WE, 2006. Defining virulence genes in the
dimorphic fungi. Annu Rev Microbiol 60: 281e303.
Restrepo A, 1985. The ecology of Paracoccidioides brasiliensis:
a puzzle still unsolved. Sabouraudia 23 (5): 323e334.
San-Blas G, 1982. The cell wall of fungal human pathogens: its
possible role in host-parasite relationships. Mycopathologia 79
(3): 159e184.
San-Blas G, 1993. Paracoccidioidomycosis and its etiologic agent
Paracoccidioides brasiliensis. J Med Vet Mycol 31 (2): 99e113.
SilvaSP,FelipeMSS,PereiraM,AzevedoMO,SoaresCMA,1994.Phase
transition and stage-specific protein synthesis in the dimorphic
fungus Paracoccidioides brasiliensis. Exp Mycol 18: 294e299.
da Silva Neto BR, de Fatima da Silva J, Mendes-Giannini MJ,
Lenzi HL, Soares CMA, Pereira M, 2009. The malate synthase of
Paracoccidioides brasiliensis is a linked surface protein that be-
haves as an anchorless adhesin. BMC Microbiol 9: 272.
Slifkin M, Cumbie R, 1988. Congo red as a fluorochrome for the
rapid detection of fungi. J Clin Microbiol 26 (5): 827e830.
Teixeira MM, Theodoro RC, de Carvalho MJ, Fernandes L, Paes HC,
Hahn RC, Mendoza L, Bagagli E, San-Blas G, Felipe MS, 2009.
Phylogenetic analysis reveals a high level of speciation in the
Paracoccidioides genus. Mol Phylogenet Evol. 52 (2): 273e283.
Thome PE, 2007. Cell wall involvement in the glycerol response to
high osmolarity in the halotolerant yeast Debaryomyces han-
senii. Antonie van Leeuwenhoek 91: 229e235.
Zambuzzi-Carvalho PF, Cruz AH, Santos-Silva LK, Goes AM,
Soares CM, Pereira M, 2009. The malate synthase of Paracocci-
dioides brasiliensis Pb01 is required in the glyoxylate cycle and in
the allantoin degradation pathway. Med Mycol 47 (7): 734e744.
